[1] Turbulent fluxes of sensible and latent heat are important processes in the surface energy balance that drives snowmelt. Modeling these fluxes in a forested environment is complicated because of the canopy effects on the wind field. This paper presents and tests a turbulent flux model developed to represent these processes in an energy balance snowmelt model. The goal is to model these processes using the readily available inputs of canopy height and leaf area index in a way that minimizes the number of parameters, state variables, and assumptions about hard to quantify processes. Selected periods from 9 years of eddy-covariance (EC) measurements at Niwot Ridge, Colorado, were used to evaluate the effectiveness of this modeling approach. The model was able to reproduce the abovecanopy sensible and latent heat fluxes reasonably with the correlation higher for sensible heat than latent heat. The modeled values of the below-canopy latent heat fluxes also matched the EC-measured values. The model captured the nighttime below-canopy sensible heat flux quite well, but there were discrepancies in daytime sensible heat flux possibly due to mountain slope circulation not quantifiable in this kind of model. Despite the uncertainties in the below-canopy sensible heat fluxes, the results are encouraging and suggest that reasonable predictions of turbulent flux energy exchanges and subsequent vapor losses from snow in forested environments can be obtained with a parsimonious single-layer representation of the canopy. The model contributes an improved physically based capability for predicting the snow accumulation and melt in a forested environment. 
Introduction
[2] Turbulent fluxes of heat and water vapor play an important role in snow surface energy and mass balances. The forest canopy strongly influences these fluxes and impacts the energy balance that drives snowmelt and the partitioning of the snow between the sublimation and the runoff in a forested environment. A number of previous studies focused on snow-vegetation interactions have indicated the importance of radiation and turbulent fluxes in snow cover mass and energy balances [e.g., Bartlett et al., 2006; Ellis and Pomeroy, 2007; Ellis et al., 2010; Essery et al., 2003; Koivusalo, 2002; Link and Marks, 1999; Pearson et al., 1999; Tribbeck et al., 2004] . The forest canopy also partitions snowfall and rainfall into interception by the canopy and throughfall to the ground [Hedstrom and Pomeroy, 1998 ]. The intercepted snow may sublimate, reducing the amount of snow available below the canopy [Lundberg and Halldin, 1994; Lundberg et al., 1998 ].
[3] Commonly used snowmelt models have been built to operate primarily in open areas where no forest canopy is present [e.g., Anderson, 1976; Jordan, 1991; Marks, 1988; Price, 1988; Price et al., 1976; Tarboton and Luce, 1996] . These models treat the canopy and the underlying surface as a single interface, ignoring the separate turbulent exchange of heat and water vapor between the vegetation canopy and the atmosphere. To model the snow accumulation and melt processes in forested environments, the accurate characterization of turbulent fluxes above, within, and below the canopy is important. A number of snow studies have addressed the representation of the canopy and the surface as separate layers, with canopy temperature assumed to be equal to air temperature [e.g., Ellis et al., 2010; Gelfan et al., 2004; Hellstrom, 2000; Koivusalo, 2002; Storck, 2000] . This assumption may lead to uncertainty in partitioning of energy fluxes between the canopy and the surface, as the canopy temperature controls the canopy longwave radiation emission, suggesting that calculation of both the canopy and surface temperatures may be required. Some detailed hydrological models like Distributed Hydrology Soil Vegetation Model (DHSVM) [Wigmosta et al., 1994 [Wigmosta et al., , 2002 and Variable Infiltration Capacity (VIC) [Andreadis et al., 2009; Cherkauer et al., 2003] consider the canopy and surface temperatures separately in ways similar to the approach here, but we are not aware of detailed evaluations of these representations in comparison to flux measurements.
[4] This study presents and tests the turbulent flux components developed to represent the exchanges of sensible and latent heat among the surface, the canopy, and the atmosphere in a forested environment for an energy balance snowmelt model. This study focuses on the modeling of the below-canopy wind, the turbulent energy fluxes, and the subsequent vapor losses from the snow above and below the canopy and evaluates them in comparison to the observations with an objective of improving the snowmelt modeling capability in heterogeneous watersheds that include forested areas. The model provides a physically based representation of turbulent energy flux transfer through forest canopies based on the practically available information. It uses physically realistic representations of the processes involved while keeping the number of model parameters small so as to be easy to apply in a spatially distributed fashion and so as to be transferable, with limited calibration, to other locations.
[5] A number of land surface models, not specific to a snow environment, have been developed to estimate the turbulent transport of heat and water vapor among the surface, the vegetation canopy, and the atmosphere. These include models with one or more vegetation layers [e.g., Bonan, 1991; Choudhury and Monteith, 1988; Shuttleworth and Wallace, 1985] . In two-layer models, the model is comprised of a ground surface and a single vegetation canopy layer [Inclan and Forkel, 1995] , while in multiple layer models vegetation is split into several layers, and the energy balance is solved for each layer in order to describe the heat and water vapor transport processes among different canopy components: roots, stems, leaves, and air around [Demarty et al., 2002] . The model developed here draws upon the concepts from detailed land surface models [e.g., Bonan, 1991; Inclan and Forkel, 1995; Sellers et al., 1986] but with simplifications to avoid dependence on detailed canopy information not commonly available. While multiple layer approaches represent a promising line of investigation, for reasons of simplicity and parsimony this study evaluates a single-layer canopy model.
[6] A single forest canopy layer component was added to the single-layer Utah Energy Balance (UEB) snowmelt model [Tarboton and Luce, 1996; Tarboton et al., 1995] . The resulting model was initially applied at the T.W. Daniel Experimental Forest (TWDEF) site in Utah with adjustable parameters estimated to match measurements at that location. Mahat and Tarboton [2012] evaluated the model's radiation component and compared the measured and modeled snow water equivalent as an evaluation of the model overall. In this paper the model has been transferred and applied to Niwot Ridge, Colorado, for the evaluation of the flux components using data from a separate location, and to take advantage of the eddy-covariance (EC) measurements available at Niwot Ridge. The majority of parameters were transferred directly or estimated from the physical properties of the forest at Niwot Ridge, with only the wind decay coefficient n and surface roughness length z os parameters adjusted to match the measurements. The parameter n was allowed to vary between canopies while z os was held constant across all canopies. Evaluation of the interception component will be the subject of a future paper. The layout of this paper is as follows: section 2 describes the field measurements at the two sites, Niwot Ridge and TWDEF. Section 3 describes the flux components of the enhanced model that includes the canopy layer. Section 4 describes the EC flux measurements made at Niwot Ridge used to evaluate the model. Section 5 evaluates the model comparing the simulated and observed wind, energy fluxes, and sublimation. This section includes an analysis of parameter sensitivity. Section 6 is the discussion, and finally section 7 gives the summary and conclusions from this study. [Molotch et al., 2007] . The leaf area index is 4.2 m 2 m À2 with a canopy height averaging 11.4 m and gap fraction of 17%. The forest slopes gently (6%-7%) and uniformly with elevation increasing from east to west. Average annual precipitation is about 800 mm, of which about 80% is snow [Caine, 1995] . The dominant wind is from the west, particularly in the winter when periods of high wind speed and neutral atmospheric stability conditions are frequent [Turnipseed et al., 2002] .
Study Sites and Measurements
[8] The above-and below-canopy EC systems were mounted at heights of 21.5 and 1.7 m above the ground, respectively, on two towers 20 m apart. The EC systems consisted of 3-D sonic anemometer (CSAT-3, Campbell Scientific, Logan, UT, USA) to measure the wind vector (u, v, w) and air temperature, and an infrared gas analyzer (IRGA-6260, LI-COR, Lincoln, NE, USA) to measure water vapor and carbon flux at 10 Hz. Precipitation was measured with a rain and snow gage (Met One 385-L, Campbell Scientific, Logan, UT) at a height of 12 m on the above-canopy EC tower. To improve the precipitation gauge catch efficiency; an Alter gauge shield was used ]. The meteorological measurements taken at this site include air temperature (CSAT-3, Campbell Scientific, Logan, UT, USA) and wind (Propvane-09101, RM Young, Traverse City, MI, USA) at heights of 21.5 and 1.7 m, respectively, and relative humidity (HMP-35D, Vaisala, Vantaa, Finland) at a height of 21.5 m above the ground surface. Ground heat flux (REBS HFT-1, Campbell Scientific, Logan, UT, USA) was measured at about 10 cm below the ground surface. Additional details of instrumentation and further site information including a location map are given by Molotch et al. [2007] .
TWDEF Site
[9] The TWDEF site is located at an elevation of 2700 m, about 30 miles northeast of Logan, Utah (41.86 N; 111.50 W) . Average annual precipitation is about 950 mm of which about 80% is snow. Vegetation is classified into deciduous forest (Aspen), coniferous forest (Engelmann spruce and subalpine fir), open meadows consisting of a mixture of grasses and forbs, and shrub areas dominated by sagebrush. Temperature and humidity Vaisala, Vantaa, Finland) , wind (Met One 014A, Campbell Scientific, Logan, UT, USA), and net radiation (NR-Lite, Kipp & Zonen, Delft, Netherlands) are continuously measured in each of the four vegetation classes at this site. Instruments are placed at heights above the ground of about 2.5 m in conifer, 4.5 m in deciduous, and 4 m in shrub and grass classes. Since the TWDEF site does not have EC measurements in forest locations, only the wind components of the turbulent flux model were tested at this site. At the TWDEF measurements of snow depth, density and hence water equivalent are available in the open as well as deciduous and coniferous forest classes. These provide the capability to evaluate the model's overall ability to simulate snow water equivalent accumulation and ablation. Additional details of instrumentation and further site information including a location map are given by Mahat and Tarboton [2012] .
Model Description
[10] The UEB snowmelt model [Tarboton and Luce, 1996] is a physically based point energy and mass balance model for snow accumulation and melt. Snowpack is characterized using three state variables, namely, snow water equivalent W s (m), the internal energy of the snowpack and top layer of soil U s (kJ m À2 ), and the dimensionless age of the snow surface used for albedo calculations. The UEB model is a single-layer model. U s and W s are predicted at each time step based on the energy balance. The details of the original and other aspects of the enhanced UEB model are given by Tarboton et al. [1995] , Tarboton and Luce [1996] , You [2004] , and Mahat and Tarboton [2012] .
[11] In this paper a canopy layer has been added to UEB to parameterize the below-canopy wind and atmospheric transport of heat and water vapor in the forested environment. The model is now a two-layer model that represents the snow on the ground surface and the intercepted snow held in the canopy separately. The temperature of the canopy is taken to be the same as the temperature of intercepted snow in the canopy, and we refer to this as the canopy temperature. The quantity and state of snow in the canopy is represented by a new state variable, canopy snow water equivalent W c (m). The energy content of intercepted snow in the canopy is assumed to be negligible, and canopy temperature is assumed to adjust to maintain energy equilibrium. Energy balances are solved for each layer to provide outputs of the surface temperature and the canopy temperature based on which the above-and below-canopy turbulent fluxes are computed. When canopy temperature obtained from canopy energy equilibrium is greater than freezing, and snow is present in the canopy, the canopy temperature is set to freezing, and the extra energy drives the melting of snow in the canopy.
[12] In the enhanced UEB the changes with time of state variables U s , W s , and W c are determined by the following three equations: . Terms in the mass balance equations are expressed in m h À1 .
[13] The combined surface energy input is given by
where Q sns is the below-canopy net shortwave radiation, Q snl is the below-canopy net longwave radiation, Q ps is the advected heat from precipitation, Q hs is the sensible heat flux, and Q es is the latent heat flux due to sublimation/ condensation.
[14] Energy content of the intercepted snow is considered negligible. To reflect this, the canopy energy balance is written as
where Q cns is the canopy net shortwave radiation, Q cnl is the canopy net longwave radiation, Q pc is the net advected heat from precipitation to the canopy, Q hc is the sensible heat to the canopy, Q ec is the latent heat to the canopy, and Q mc is the advected heat removed by melt water from the canopy.
[15] In equations (4) and (5), Q snl , Q hs , Q es , Q cnl , Q hc , and Q ec are the functions of the surface and canopy temperatures T s and T c , as well as inputs that drive the model. In the case of the longwave radiation terms Q snl and Q cnl , this functionality is based on the Stefan-Boltzmann equation for longwave radiation and the model for the transmission of radiation through and the emission of radiation by the canopy described by Mahat and Tarboton [2012] . Expressions for the turbulent flux quantities Q hs , Q es , Q hc , and Q ec are developed below. UEB uses the modified Force-Restore approach [Luce and Tarboton, 2010] to equate Q si in equation (4) to conduction into the snow as a function of T s , its past values, and the average temperature of the snow. UEB evaluates the snow surface temperature separately from the average temperature of the snowpack reflected by the snow pack energy content [Luce and Tarboton, 2010; You, 2004] . In solving the model at each time step, Q mc is initially set to 0. The result is two nonlinear equations (4) and (5) that depend only on the unknowns T c and T s . These simultaneous equations are solved using the NewtonRaphson iterative method. In the event that T c is above freezing, and there is intercepted snow in the canopy (W c >0), T c is set to 0, and equation (5) is used to evaluate Q mc . In the event that T s is above freezing, and there is snow on the ground (W s >0), Q si is evaluated with T s set to freezing. The resulting extra surface energy above that conducted into the snow calculated using the Force-Restore approach is used to calculate the amount of melt generated at the surface. This melt infiltrates into the snowpack, and the energy is added to U s during the solution of equations (1)-(3), which are advanced through time using a predictor-corrector approach [Gerald, 1978; Tarboton et al., 1995] .
Turbulent Energy Fluxes
[16] The main structure of the flux model and the basic equations used here are similar to those originally given by Norman et al. [1995] in their series network two-layer flux model. A similar approach has also been used in a number of other studies [e.g., Andreadis et al., 2009; Bonan, 1991; Inclan and Forkel, 1995; Sellers et al., 1986] . This approach uses the temperature and vapor pressure differences among the snow surface, canopy air, and snow in the canopy to calculate the turbulent flux exchanges among the snow on the ground, the canopy, and the atmosphere (Figure 1 ).
where Q h and Q e are the total fluxes of sensible heat and latent heat from the atmosphere which are partitioned into Q hc and Q ec , the sensible and latent heat flux contributions to the forest canopy, and Q hs and Q es , the sensible and latent heat flux contributions to the surface. In these equations R a and R c are the aerodynamic resistances to heat and vapor transport between the air in the canopy and air above and between the snow surface and the air in the canopy, respectively (h m
À1
), and R l is the bulk leaf boundary layer
). These resistances are discussed in detail in the subsequent sections. T ac is the canopy air temperature ( C), T s is the surface temperature ( C), T c is the canopy temperature ( C), T a is the above-canopy air temperature ( C), e ac is the canopy air vapor pressure (Pa), e a is the above-canopy air vapor pressure (Pa), and e s (T s ) and e s (T c ) are the surface and canopy saturated vapor pressures calculated as functions of snow and canopy temperatures, respectively. Standard formulae for saturation vapor pressure over ice are used when the temperature is below freezing [Lowe, 1977] . a is the air density, C p is the specific heat capacity of air (1.005 kJ kg À1 C
), h is the latent heat of sublimation (2834 kJ kg À1 ), and R d is the dry gas constant (287 J kg À1 K À1 ). The partitioning of Q h and Q e into Q hc , Q ec , Q hs , and Q es is given by
[17] These equations facilitate the evaluation of T ac and e ac as functions of T a , T s , T c , e a , and the saturated vapor pressures e s (T s ) and e s (T c ).
[18] Substitution of equations (14) and (15) in equations (7), (8), (10), and (11) results in expressions for Q hc , Q ec , Q hs , and Q es , which are functions only of the inputs and two unknowns T c and T s and of the resistances discussed below. Substituting these into equations (4) and (5) results in all terms on the right of equation (4) and all terms except for Q mc in equation (5) being expressed in terms of T c and T s as required for their solution as described above, with Q mc initially being set to 0. In the event that the resultant T c is above freezing and there is intercepted snow in the canopy, T c is set to 0, and Q mc is evaluated from (5).
Wind Profile and Aerodynamic Resistances
[19] The wind profile is assumed to be logarithmic above the canopy z!h, exponential within the canopy (z ms z<h), and again logarithmic over the snow surface on the ground (z<z ms ) as are typical in the literature [e.g., Bonan, 1991; Cionco, 1972; Dolman, 1993; Koivusalo, 2002] (Figure 1 ). Here z is the height above the ground or snow surface, z ms is the reference height above the surface, where the profile is assumed to switch from logarithmic to exponential (taken as 2 m here), and h is the canopy height. The logarithmic and exponential wind profiles [Bonan, 1991; Brutsaert, 1982] are
for z ! h and z < z ms ;
where u(z) is the wind speed at height z, u h is the wind speed at canopy height h, n is an exponential decay Figure 1 . Schematic of wind/eddy diffusion profiles, below-and above-canopy aerodynamic resistances, canopy boundary layer resistance, and energy exchange among snow at the surface, in the canopy and the atmosphere.
coefficient, d is the zero-plane displacement height, and z o is the roughness length. u Ã is the shear (friction) velocity, and k is von Karman's constant (k¼0.4). The above-canopy wind speed u m measured at height z m (>h) above the ground is taken as input, and the model calculates the wind profile working downward from the top (see Figure 1 ). Equation (16) is applied with different d, z o , and u Ã above the canopy (z!h) and for the near-surface boundary layer (z<z ms ). z o is equal to z oc (roughness length for the top of the canopy boundary layer) for z!h and z os (snow surface roughness length) for z<z ms . For the surface logarithmic profile layer (z<z ms ), d is taken as 0. For the canopy logarithmic profile layer (z!h), d and z oc are estimated as functions of tree height (h), tree profile shape, and leaf area index (L) following Shaw and Pereira [1982] as
where y is an integer indicating one of the three basic forest profiles [e.g., Massman, 1982; Meyers et al., 1998 ]: y¼1 for young pine, y¼2 for leafed deciduous tree, and y¼3 for old pine with long stems and clumping at the top.
[20] Aerodynamic resistances R a and R c are calculated based on the K-theory [Choudhury and Monteith, 1988; Demarty et al., 2002; Dolman, 1993; Inclan and Forkel, 1995; Koivusalo, 2002; Shuttleworth and Gurney, 1990] . The above-canopy aerodynamic resistance R a (for dþz oc <z<z m ) and the below-canopy aerodynamic resistance R cn (for z os <z<dþz oc ) for neutral atmospheric conditions are calculated as
[21] Here K and K c are the eddy diffusion coefficients that correspond to the logarithmic and exponential wind profiles, respectively. These coefficients are given by [Dolman, 1993] 
where K h is the eddy diffusion coefficient K for the canopy evaluated at height h. Its value for the input u¼u m at height z m is determined as
[22] Substituting the values of K and K c and integrating equations (20) and (21) yields
[23] Atmospheric stability adjustments to turbulent fluxes use the expressions suggested by Choudhury and Monteith [1988] .
where R i is an estimate of the Richardson number, R imax is the upper limit of the Richardson number taken as 0.16 (Table 1) [Choudhury and Monteith, 1988; Koivusalo, 2002] , and g is the acceleration due to gravity. Note that in earlier implementations of UEB [Tarboton and Luce, 1996] a parameter had been included to switch off the stability adjustments. In the present implementation this parameter has been deactivated, and all results here use the stability adjustments. The fact that the model is working satisfactorily with these stability corrections is pleasing from a theoretical perspective, as there was no physical theoretical basis for switching off the stability adjustments in the previous work.
[24] Note that the inputs to the evaluation of aerodynamic resistances as detailed above are the parameters z ms , z os , and R imax (Table 1 ) and the site variables canopy height h, leaf area index L, tree profile shape parameter y, and wind decay coefficient n, (Table 2) . Time varying inputs are the wind speed above the canopy u m at height z m , canopy air temperature T a , and surface temperature T s that are determined during the solution (section 3.1).
Leaf Boundary Layer Resistance
[25] Bulk leaf boundary layer resistance is calculated based on the wind, leaf dimension, and leaf area distribution. Following Jones [1992] leaf boundary layer conductance, which is the reciprocal of the leaf boundary layer resistance, is
where G b (z) is the boundary layer conductance (m s
À1
) for a unit projected area of a leaf, w is the leaf width (m), and u(z) is the wind speed (m s
) at height z. Bonan [1991] and Dickinson et al. [1986] suggested a fixed value of 0.04 m for w that was used as a constant here.
[26] Assuming leaf area is uniformly distributed with the tree height, the mean leaf conductance is obtained [Choudhury and Monteith, 1988] as
[27] Substituting the height dependent value of u(z) from equation (17) and integrating yields
[28] The mean canopy conductance per unit ground area is obtained by multiplying mean leaf conductance G b with effective leaf area index LF, where L is leaf area index and F is canopy coverage fraction. Thus, mean canopy resistance is
Snow Interception and Water Vapor Flux
[29] Hedstrom and Pomeroy's [1998] event-based snowfall interception model was used to develop a continuous interception component for inclusion in UEB. This model is similar to the rainfall interception model developed by Aston [1979] . Hedstrom and Pomeroy [1998] also present an empirical relationship for estimating the snow mass unloading from interception that was used. The details of the snow interception and unloading processes are given by Mahat [2011] .
[30] Sublimation terms E s and E c in equations (2) and (3), respectively, are determined from the corresponding latent heat fluxes using
where w is the density of water (kg m
À3
). The negative sign reflects the convention that Q ec and Q es are the energy additions to the canopy and surface, while E s and E c are the losses. Total sublimation is obtained by adding E s and E c .
Radiation
[31] To estimate the net radiation below, in, and above the canopy, the penetration of radiation through the canopy was based on a two-stream approximation, accounting for multiple scattering. This approach assumes, as an approximation following Monteith and Unsworth [1990] , that multiple scattering occurs along a single path, thereby avoiding the intractable complexity of scattering in multiple directions. It also considers multiple reflections between the canopy and surface, treating direct and diffuse radiations separately. A detailed description of how net radiation is calculated below, in, and above the canopy is given by Mahat and Tarboton [2012] . 
EC Flux Measurements
[32] EC is a direct way to measure the turbulent transfer of heat and mass over the surface [Kaimal and Finnigan, 1994] . EC techniques have been applied to estimate the turbulent energy fluxes and the subsequent vapor losses from the snow pack in open areas [e.g., Culle et al., 2007] , from snow below the canopy [e.g., Marks et al., 2008] , from intercepted snow in the canopy [e.g., Nakai et al., 1999; Suzuki and Nakai, 2008] , and from both the canopy and below-canopy snow [e.g., Jarosz et al., 2008; Molotch et al., 2007] . The below-canopy turbulence and the subsequent vapor fluxes have been modeled and validated in comparison with the EC measurements [e.g., Marks et al., 2008] . Similarly, the above-canopy turbulence and the vapor fluxes have been modeled and validated in comparison with the EC measurements [e.g., Parviainen and Pomeroy, 2000]. There are several possible sources of error in the EC measurements, and the production of high-quality data requires applying corrections that include coordinate rotation, data filtering, removal of erroneous spikes, and lag time determination [Reba et al., 2009] . With these quality controls Reba et al. [2009] suggested that EC-measured data could be used for fundamental research, such as the snow mass and energy balances studies to improve the physically based snow models.
[33] The EC method is used to calculate the turbulent fluxes of the sensible heat Q h and latent heat Q e based on the covariance between the respective scalars (temperature and water vapor density) and vertical wind measured at a high frequency.
where T 0 , w 0 , and 0 v are the deviations from the time average of temperature, vertical wind speed, and water vapor density, respectively.
[34] EC data quality control and processing include despiking, data gap filling, coordinate rotation, block averaging, sonic temperature correction, air density correction, and analysis of IRGA errors, high-frequency losses, and instrument surface heat exchange [Foken and Wichura, 1996; Reba et al., 2009] . Spikes within the data caused by the instrumental malfunction (electronic spikes) or by any perturbation of the measurements (e.g., precipitation) were removed. Data sets were tested for stationarity using the method described by Richardson et al. [2012] .
[35] An averaging time of 30 min of 10 Hz measurements was used. The mean lateral and vertical wind velocities were set to zero using a mathematical coordinate rotation; only the lateral component was corrected for in processing the below-canopy data [Baldocchi and Hutchison, 1987] . The sonic anemometers' virtual air temperatures were corrected, accounting for wind speed normal to the sonic path and humidity effects [Schotanus et al., 1983] . Time delay between the vertical velocity and the scalar sensor signals were checked empirically by maximizing the cross correlation between the sensors and the respective scalars. This time lag is due to the transit time in the inlet tubing or instrument separation. Scalar signals were shifted in time by the time lag relative to the vertical wind velocity, and covariance was calculated maximizing the cross correlation between the vertical wind and respective scalar signals.
[36] Air was drawn from an inlet located close to the sonic anemometer path and passed through a heat exchanger to reduce temperature fluctuations. Air flow then passed through the IRGA before analysis. Bringing the air to a constant temperature in the analyzer eliminates the need for corrections due to the sensible heat flux since this eliminates the temperature-induced density fluctuations [Webb et al., 1980] . Flow rate through the analyzer was maintained constant by a carbon-vane pump to reduce the pressure fluctuations. Increase in pressure may lead to the condensation of the water vapor if the local water vapor pressure exceeds the dew point [Leuning and Judd, 1996] . This flow was maintained to be turbulent flow, so the attenuation of concentration of fluctuations within the tube would not cause underestimation of the fluxes. See Molotch et al. [2007] and Turnipseed et al. [2002 Turnipseed et al. [ , 2003 for complete details of EC data quality control and corrections.
[37] Energy balance closure was evaluated to derive linear regression coefficients (slope and intercept) using a linear regression between the half hourly estimates of the turbulent flux (Q h þQ e ) and the difference between the radiation and ground heat flux (Q net ÀQ g ). The relationship between the above-canopy combined turbulent fluxes (Q h þQ e ) and (Q net ÀQ g ) in W m À2 was y¼0.77xþ13 (R 2 ¼0.89; p<0.01) [Molotch et al., 2007] . This indicates reasonable energy balance closure, but that there may be some error attributable to measured EC fluxes.
[38] Snowpack sublimation from below the canopy was determined from the below-canopy EC measurements, and total sublimation from the system was determined from the above-canopy EC measurements. Water vapor fluxes associated with sublimation of intercepted snow were determined as the difference between the measured above-and below-canopy fluxes.
Model Application
[39] The below-canopy EC data were only available at Niwot Ridge for a limited period from 1 March to 30 April for the year 2002. However, for eight other years, records of the above-canopy EC data were available at Niwot Ridge. Given this data availability, the model was first tested, and the adjustable parameters calibrated, against the above-and below-canopy EC measurements for this 2002 period. We refer to this as the test period. The model was then further evaluated using 2 months of the above-canopy EC-measured flux data from eight additional years (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . For model evaluation at Niwot Ridge the period from 1 January to the end of February each year was selected, as there is appreciable precipitation and intercepted snow in the canopy, while transpiration from the canopy is minimal or zero during this period. We refer to these 8 years of January/February Niwot Ridge data as the evaluation periods. UEB is a snow model and does not attempt to model transpiration. The selection of these periods for comparison avoids periods where the canopy is snow free and unmodeled transpiration may be part of the measurements and confound interpretations.
[40] TWDEF has complete records of the above open and beneath deciduous and forest canopy wind speeds for 2008-2010. For consistency with the Niwot Ridge test period, and to focus on a period when modeling fluxes is important, the measured and modeled wind speeds during March and April were compared for these years.
[41] The model was initialized with the below-canopy snow water equivalent and energy content state variables estimated based on the measured snow depth and air temperature, and run using the above-canopy meteorological measurements of precipitation, air temperature, humidity, and wind as inputs. The canopy snow water equivalent state variable was initialized at zero. The vegetation parameters used in the model are leaf area index, canopy height, and canopy cover. Roughness length for the canopy was estimated using equation (19) . Snow surface roughness length z os below the canopy and exponential decay coefficient n were adjusted to have the model results match the measurements during the calibration period in 2002. The same z os value was extended to TWDEF (conifer and deciduous) while n, which is based on the forest properties, was estimated separately for the TWDEF coniferous and deciduous sites based on the TWDEF wind speed data for 2008-2010. Other snowmelt model parameters used in this work follow the prior work [Mahat and Tarboton, 2012; Tarboton and Luce, 1996; You, 2004] (Table 1) with the site variables specific to this setting given in Table 2 .
[42] The model predicts the snow surface temperature, the snow average temperature, the snow interception, the below-canopy wind speed, the above-and below-canopy turbulent energy fluxes, the radiation, and the snow water equivalent. The above-canopy wind speed is the critical input to the wind and flux components of the model, together with other inputs of air temperature, humidity, solar radiation, and precipitation that drive other aspects of the model. At Niwot Ridge the above-canopy measurements of the wind speed were used to drive the model. At TWDEF the above-canopy measurements of wind were not available, so wind speed measured in a nearby open meadow was assumed to be equivalent to the above-canopy wind at a height z m ¼hþ2 m.
[43] The mean of the difference (bias), root-mean-square error (RMSE), and correlation between the measured and modeled wind and flux variables were used as criteria for the evaluation of the model's flux components. We did not use the coefficient of determination (R 2 ) as a metric because, when not used in a regression context, and in the presence of bias, it can result in off-putting negative values that detract from the interpretation of the cause of the bias differences.
Simulation Results

Wind
[44] The below-canopy wind component was tested against one set of the below-canopy wind measurements from Niwot Ridge and two sets of the below-canopy wind (conifer and deciduous) from TWDEF. Simulated values of the below-canopy winds compared favorably with the observations made below the forest canopy at Niwot Ridge (Figures 2 and 3 ) and below the deciduous and conifer forest canopies at TWDEF. The below-canopy wind speed comparisons for TWDEF are included in the supporting information. A higher correlation between the modeled and observed values was found for Niwot Ridge in comparison to TWDEF, although there was more bias in the Niwot Ridge comparisons (Table 3) .
[45] In comparison with the deciduous forest wind, modeled conifer forest wind was better correlated with the observations at TWDEF. The mean observed wind value below the conifer canopy was about half of that observed below the deciduous canopy. The greater density of coniferous forest canopy results in lower below-canopy wind speeds. Larger leaf area index and n values in the model for coniferous canopy capture this effect.
Energy Fluxes
[46] Table 4 presents the correlation, the bias, and the RMSE for the differences between the modeled and observed above-canopy fluxes for both the test and evaluation periods at Niwot ridge. The model predictions of the above-canopy (total) sensible heat flux Q h followed the above-canopy (total) EC-measured sensible heat flux reasonably closely with a correlation of 0.85 (Figure 4 ) during the 2002 test period. While there is scatter in the modeled versus measured hourly values, the scatterplot biases observed are almost 0. The cumulative plot and the mean diurnal variation plot (Figures 4c and 4d ) also showed nice agreements between the modeled and EC-measured values. The mean diurnal variations were evaluated by averaging the measurements available for each hour of the day across all days. This shows the model's ability to, in an average sense, capture the diurnal cycle and complements the examination of time series (Figure 4a ) and pointwise scatterplots (Figure 4b ). For the eight evaluation years, sensible heat correlation coefficients range from 0.75 to 0.85, and biases range from À24.22 to 4.83 W m À2 (Table 4) . Some of these values are larger, and some are smaller than the values obtained for the 2002 test period. However, all evaluation periods showed smaller RMSE values in comparison with the test period RMSE, possibly due to the evaluation period being the months of January and February, when fluxes are smaller, but the test period being March and April when below-canopy fluxes were available in 2002. Additional comparisons of the modeled versus EC-measured above-canopy sensible heat fluxes for January and February in 2009 and 2010 are included in the supporting information. These years were chosen because they include low and high RMSE as well as low and high biases for both sensible and latent heat fluxes. The differences between the modeled and measured values in Figure 4 as well as figures in the supporting information provide quantification of uncertainty in the ability to quantify sensible heat fluxes in these conditions, both using measurements and modeling.
[47] The month of April during the 2002 test period showed a significant carbon uptake implying transpiration. Thus, the above-canopy (total) latent heat flux Q e presented for the 2002 test period is for the month of March only ( Figure 5) . During both the test and evaluation periods the relative values of the bias and RMSE are about the same as for Q h , with RMSE close to 15% of the range of the data. However, there was more scatter indicated by the lower correlations ranging from 0.37 to 0.54 for the latent heat flux (Table 4) . While there is scatter in the modeled versus measured hourly values, the match of the cumulative plot of the latent heat flux (Figure 5c ) indicates that hourly errors offset each other when aggregated over time. The mean diurnal cycles also appear to be reasonably quantified (Figure 5d ). Additional comparisons of the modeled versus EC-measured above-canopy latent heat fluxes for January and February in 2009 and 2010 are included in the supporting information.
[48] The EC measurements below the canopy showed upward (away from the snow surface) sensible heat flux Q hs during the daytime and downward (toward the snow surface) sensible heat flux during the nighttime (Figure 6) . The model captured the nighttime, downward sensible heat flux quite well but did not represent the measured daytime, upward sensible heat flux. The model is driven by temperature gradients, and an upward flux requires the air temperature to be lower than the snow surface temperature which is capped at freezing (0 C).
[49] Time series of the hourly below-canopy latent heat flux showed a general agreement between the observed and modeled values with a correlation of 0.47, a bias of 1.06 Wm
À2
, and a RMSE of 21.8 Wm À2 (Figure 7 ). Though the correlation value was not large, the overall cumulative latent heat flux from the snow surface for both the measured and modeled values was similar. Due to the poor correlation and shift in some modeled higher hourly values, an early peak in the modeled mean diurnal variations was observed compared with the EC-measured values (Figure 7d ).
Sublimation
[50] Simulations of the cumulative above-canopy snow sublimation match the observed values well during both the test and evaluation periods. A total of 35 mm of precipitation was recorded during the March portion of the test period in 2002 (Figure 8 ). During that period the above-and below-canopy EC measurements showed about 29 mm and 10 mm of sublimation, respectively. The model simulations of total sublimation compared well with these observations showing about 27 and 10 mm of the above-and below-canopy sublimation, respectively. The EC-measured net canopy sublimation was calculated by subtracting the below- canopy EC measurement from the above-canopy EC measurement and compared with the modeled canopy sublimation. The modeled cumulative net canopy sublimation values tracked well with the EC measurements.
[51] During the eight evaluation periods the above-canopy EC-measured sublimation values ranged from 40 to 74 mm with a mean of 47 mm. The model simulated the above-canopy sublimation values during these periods ranged from 46 to 78 mm with a mean of 60 mm. The mean below-canopy sublimation simulated by the model for the months of January and February for the 8 years combined was 28 mm.
Parameter Sensitivity
[52] Developing the model involved a lot of choices related to how to parameterize quantities such as z os , z oc , d, and leaf width w involved in the calculation of resistances R a , R c , and R l . Selections were based on the literature and some judgment, and the validity of the selections is supported by the overall performance of the model in comparison to overall snow water equivalent, radiation measurements [Mahat and Tarboton, 2012] and flux measurements in this study. While the model is physically based, there is uncertainty in the values for many of the physical parameters, and the performance of the model is enhanced by the adjustment of some of them. Model sensitivity was evaluated using plausible ranges for the parameters critical to the quantification of fluxes to give a sense of how important it is to constrain uncertainty in these parameters (Table 5 ). This analysis was done using the cumula- (Table 5) in terms of the percentage change in total flux over the period given the parameter change, i.e., evaluated as Changed-Base/Base Â 100. [53] In examining the sensitivity of the model to parameters critical for the quantification of turbulent fluxes (Table 5) , the most sensitive parameters are L Â F, n, z ms , and z os . Leaf area index L and forest canopy fraction F were evaluated as a product because that is how they are used in the model. L and F are the physical properties of the forest canopy, and this sensitivity speaks to the importance of quantifying them in using the model to predict snow accumulation and melt, and sublimation from snow in settings with heterogeneous vegetation. The results were also relatively sensitive to n, the parameter that represents the decrease in wind speed through the canopy, and z ms and z os parameters that relate to the above surface logarithmic boundary layer profile and at which elevation it switches to exponential. Canopy height h is also a physical property of the canopy, but the sensitivity to h is less than L Â F. Sensitivity was relatively small to the other parameters evaluated.
Discussion
[54] This study has developed a flux component for an energy balance snowmelt model and compared the model simulated above-and below-canopy turbulent fluxes of sensible and latent heat with the EC-measured fluxes to evaluate the model performance. The model was generally able to represent the above-canopy sensible heat flux, latent heat flux, and also snow mass loss through sublimation. In some years there was bias, more so in sensible heat flux than latent heat flux and more often than not with modeled upward sensible heat being greater in magnitude than observed. These discrepancies may be due to the model errors or the measurement errors associated with EC energy balance closure. They reflect the present degree of uncertainty in quantifying flux with this model and the information available. The model's predictions of the belowcanopy wind, the latent heat flux, and the subsequent snow mass loss were also generally good, but the model did not do as well in predicting the below-canopy sensible heat flux during the daytime. The nighttime sensible heat flux was reasonably captured by the model. Most of the time the modeled temperature gradient was downward (T ac >T s ) and that downward gradient resulted in downward sensible heat flux. The EC measurements showed downward sensible heat flux (T ac >T s ) during the nighttime and upward sensible heat flux (T s >T ac ) during the daytime. Modeling a daytime upward sensible heat flux requires the surface temperature greater than the air temperature. The model adheres to the physical principal that the temperature of the snow surface cannot be greater than freezing and so is unable to represent these upward measurements of sensible heat flux by EC when T ac >0. There is some suggestion that this discrepancy may be due to complex mountain slope circulation events, and there are times when above-canopy winds are downslope, but the below-canopy winds are much closer to zero in speed and recorded to be upslope. This would change the effective footprint of the EC measurements.
[55] Although EC is treated as a measurement technique, there are many assumptions in its calculation that can be sensitive to a complex suite of site conditions [Marks et al., 2008] . The below-canopy EC flux measurements may be questionable because the underlying assumptions for this method may not be valid in the conditions prevailing there, namely, low wind speed, strong heterogeneity, and intermittent turbulence [Baldocchi et al., 2000; Blanken et al., 1998; Constantin et al., 1999] . During the periods with low wind speed, very stable conditions with large surface temperature and moisture gradients may occur, which are challenging to both model and measure using EC [Marks et al., 2008] . Furthermore, heterogeneity of the subcanopy environment due to forest structure, fallen litter, and tree branches may lead to advection and questions related to the EC footprint and may lead to violation of some of the assumptions used in EC flux calculations associated with continuity of the upwind fetch [Foken and Wichura, 1996; Leuning and Judd, 1996] .
[56] There may be modeling problems too. Uncertainties exist in the assumptions of surface roughness length, resistances, and the derivation of below-canopy wind in the model. Assumed equal resistances for the transfer of heat and water vapor used in the turbulence modeling may not be strictly valid below the canopy. Helgason and Pomeroy [2011] found that in complex mountain terrain due to intermittency of wind gusts, the boundary layer may not be in equilibrium and turbulence may not be related to the local gradient making the application of gradient techniques problematic. Helgason and Pomeroy [2012] also found the modeled sensible heat flux toward the snow surface higher than the EC-measured sensible heat flux. Representing the complexity of mountain slope circulation and intermittency is beyond the scope of this model. While there may be discrepancies when using temperatures and fluxes measured at specific points, the physical basis of the approach and the success of the model for more aggregate or cumulative quantities suggest that the approach that relies on gradients is physically reasonable and practical for a model that needs to be simple enough to apply over large areas.
[57] The below-canopy wind speed was calculated as an exponential function of canopy height following Koivusalo [2002] , Bonan [1991] , and Dolman [1993] . The exponential decay coefficient n that is required to calculate the belowcanopy wind speed has been reported to have a value between 2 and 4 [Bonan, 1991; Brutsaert, 1982] . In testing the model with the below-canopy wind measurements at Niwot Ridge and TWDEF sites, the n values that resulted in the below-canopy wind speed best matching the measurements ranged from 0.6 to 1.5 for leaf area index ranging from 1 to 4.5, with the increasing n values for the increasing leaf area index. This pattern, though determined based on the limited data in this work, appears consistent with the below-canopy wind speed being sensitive to forest type (conifer, deciduous, and mixed) and density.
[58] The snow surface roughness length below the canopy was adjusted to match the measurements of below-canopy latent heat flux and vapor loss. This adjustment to z os ¼0.1 m from the previous open area value of 0.01 m may represent the increased turbulence in wind below a canopy but may also express the limitations of assuming logarithmic wind and diffusivity profiles near the surface below a canopy. The above-canopy solutions were found to be less sensitive to this snow surface roughness length and changed insignificantly with this adjustment.
[59] The modeled rate of the net canopy snow sublimation loss during the test period in 2002 (1 March to 30 April) and the modeled rate of net canopy sublimation loss during the evaluation periods from 2003 to 2010 (1 January to the end of February) were found to be equivalent about 0.55 mm d
À1
. This value is similar to the net canopy 1997-1998 and 1998-1999) reported by Storck et al. [2002] for Pacific Northwest forest in Oregon. The modeled below-canopy snow sublimation loss rates during the periods examined ranged from 0.27 to 0.59 mm d
. These values are slightly higher than the below-canopy sublimation rate (0.25 mm d
, about 22 mm in 86 days from 19 February to 15 May 2003) reported by Marks et al. [2008] for the Fraser Experimental Forest, Colorado. Sublimation rates are expected to vary based on the location and climatic conditions, but these comparisons serve to show that the model simulations are generally consistent with what others have found.
[60] Sensitivity analysis showed that the model results are sensitive to physical properties of the forest canopy (L, F) and the parameter n, which also depends on the forest canopy properties. This highlights the importance of advancing remote sensing methods [e.g., Fassnacht et al., 1997; Running et al., 1989; Zheng and Moskal, 2009] for mapping and retrieving these parameters. The sensitivity to n, z ms , and z os that relate to the within-canopy wind profile emphasizes the need for research to better quantify the canopy wind profiles related to the canopy structure and the role these play in the turbulent fluxes. Other parameters that are less sensitive to the model results are probably reasonable to use as constants in the applications of the model at different locations.
Summary and Conclusions
[61] This paper has presented details of the turbulent flux components of a single-layer forest canopy model developed for use with the UEB snowmelt model. This approach fills the need for a model rigorous enough to capture the physics of the turbulent energy flux transfer through the forested canopies based on the practically available information. It uses the physically realistic representations of the processes involved while keeping the number of model parameters small, so as to be easy to apply in a spatially distributed fashion. The result is an enhanced model that represents snow energy and mass balances within and below the canopy, driven by the inputs of radiation and weather from above the canopy. The new canopy layer includes the representations for radiation, turbulent fluxes, and interception. The model is physically based with the goal of most parameters being transferable to different locations without calibration. The model was initially developed and applied at the TWDEF site. In this study the model was transferred, and flux components were tested, using EC data from Niwot Ridge. Both above and below the canopy turbulent fluxes were examined. The initial Niwot Ridge application of the model was to a period with both the below-and above-canopy measurements, and these were used to estimate the poorly constrained parameters. Then the model was further validated for different years with only the above-canopy data. The model was able to simulate fluxes generally in agreement with EC measurements. The results show that this parsimonious single-layer approach can provide results consistent with the observations based on the practically available information. The methods used here are not limited to UEB and could be used to calculate these fluxes in other snow models. Some unresolved discrepancies with the belowcanopy sensible heat fluxes were noted where measurements counter to the temperature gradient were not modeled. Fluxes in a direction opposite to a temperature gradient are inconsistent with essentially all theory, raising questions about the data that give rise to these discrepancies. Further work is needed to better quantify some of the model parameterizations and their relationship to vegetation properties. Specifically, the dependence of the wind exponential decay parameter on the leaf area index or the other canopy properties, and the surface roughness below the canopy need further evaluation.
